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CONTROL APPARATUS FOR POWER
CONVERTER

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s a bypass continuation application of
currently pending international application No. PCT/

JP2019/014106 filed on Mar. 29, 2019 designating the

United States of America, the entire disclosure of which 1s
incorporated herein by reference.

This application 1s based on and claims the benefit of
priority from Japanese Patent Application No. 2018-074962
filed on Apr. 9, 2018, the entire disclosure of which 1is
incorporated herein by reference.

TECHNICAL FIELD

The present disclosure relates to control apparatuses for a
power converter.

BACKGROUND

There 1s known a control apparatus that performs peak-
current mode control that controls on-ofl switching opera-
tions of each of switches to thereby adjust an inductor
current, which tflows through an inductor of a power con-
verter, to a current command.

SUMMARY

A control apparatus according to an exemplary aspect of
the present disclosure 1s applicable to a power converter that
includes an inductor and a drive switch, and that converts
one of an alternating-current voltage and a direct-current
voltage input thereto into the other of the alternating-current
voltage and the direct-current voltage. The control apparatus
1s configured to perform peak-current mode control to output
a drive signal that controls switching of the drive switch to
thereby cause an inductor current to follow a sinusoidal
command. The control apparatus 1s configured to delay, for
one switching cycle of the dnive switch, an ofl-switching
timing of the drive switch in accordance with the alternat-
ing-current voltage, the drive signal defining the off-switch-
ing timing of the switch.

BRIEF DESCRIPTION OF THE DRAWINGS

Other aspects of the present disclosure will become
apparent from the following description of embodiments
with reference to the accompanying drawings in which:

FIG. 1 1s a circuit configuration diagram of a power
conversion system according to the first embodiment;

FIG. 2 1s a functional block diagram for describing
functions of a control apparatus;

FIGS. 3A to 3D are a joint timing chart schematically
illustrating a delay quantity set based on an alternating-
current voltage;

FIGS. 4A to 4C are a joint timing chart schematically
illustrating a relationship between an off-switching timing
and an inductor current:;

FIG. 5 1s a graph schematically illustrating a deviation
range parameter;

FIG. 6 1s a flowchart schematically illustrating a switch
control routine based on peak-current mode control;

FIGS. 7A to 7E are a joint timing chart of the power
conversion system;
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FIGS. 8A1 to 8C2 respectively illustrate graphs used to
describe benefits achieved by the first embodiment;

FIG. 9 1s a structural diagram ol a power conversion
system according to the second embodiment;

FIG. 10 1s a functional block diagram of a control
apparatus;

FIGS. 11A to 11H are a joint timing chart of the power
conversion system;

FIG. 12 1s a structural diagram of a power conversion
system according to a first modification of the second
embodiment;

FIG. 13 1s a structural diagram of a power conversion
system according to a second modification of the second
embodiment;

FIG. 14 1s a structural diagram of a power conversion
system according to the third embodiment;

FIG. 15 1s a functional block diagram of a control
apparatus;

FIGS. 16A and 16B are each a graph used to describe a
delay quantity that 1s set based on an alternating-current
voltage;

FIGS. 17A to 17E are a joint timing chart of the power
conversion system;

FIGS. 18A1 to 18C2 respectively illustrate graphs used to
describe benefits achieved by the third embodiment;

FIG. 19 1s a structural diagram of a power conversion
system according to the fourth embodiment;

FIG. 20 1s a functional block diagram of a control
apparatus;

FIGS. 21A to 21G are a joint timing chart of the power
conversion system; and

FIG. 22 1s a diagram 1illustrating a delay unit according to
a modification.

DETAILED DESCRIPTION OF EMBODIMENTT

Inventor’s Viewpoint

Japanese Patent Application Publication No. 2013-
198460 discloses a control apparatus that performs peak-
current mode control that controls on-ofl switching opera-
tions of each of switches to thereby adjust an inductor
current, 1.e. a reactor current, which flows through an
inductor, 1.e. a reactor, of a power converter, to a current
command. The control apparatus also adds, to the current
command, a current correction that depends on the phase of
an mput alternating-current (AC) voltage, thus reducing
distortion in the wavelorm of the alternating current.

Specifically, the control apparatus successively calculates
an average of the inductor current, and calculates a deviation
of each of the successively calculated averages from a
corresponding value of the current command. Then, the
control apparatus uses the calculated deviation as the current
correction for each of the successively calculated averages.

This may cause the processing load of the control appa-
ratus to be higher.

From this viewpoint, one aspect of the present disclosure
seeks to provide control apparatuses for a power converter,
cach of which 1s configured to have a lower processing load
for reducing a degree of distortion in the wavelorm of an
alternating current mput to or output from the power con-
verter.,

According to an exemplary aspect of the present disclo-
sure, there 1s provided a control apparatus applicable to a
power converter that includes an inductor and a drive switch,
and that converts one of an alternating-current voltage and
a direct-current voltage input thereto into the other of the
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alternating-current voltage and the direct-current voltage.
The control apparatus includes a current obtainer configured

to obtain a current flowing through the inductor as an
inductor current, an alternating-current voltage obtainer
configured to obtain the alternating-current voltage, and a
drive signal outputting unait.

The drive signal generating unit 1s configured to generate,
based on the alternating-current voltage obtained by the
voltage obtainer, a sinusoidal command, and perform peak-
current mode control to output a drive signal that controls
switching of the drive switch to thereby cause the inductor
current to follow the sinusoidal command. The control
apparatus includes a delay unit configured to delay, for one
switching cycle of the drive switch, an off-switching timing
of the dnive switch 1n accordance with the alternating-
current voltage; the drive signal defines the ofl-switching
timing of the switch.

Power converters, each of which performs peak-current
mode control to control switching of a drive switch, may
cause an inductor current flowing through an inductor to be
deviated from its predetermined designed current, resulting
in distortion 1n an alternating current. Adjusting the inductor
current to an appropriate value therefore enables the degree
of distortion in the alternating current to be reduced.

Because a command for the inductor current 1s generated
as a sinusoidal command based on the alternating-current
voltage, 1t 1s possible to use the alternating-current voltage
as a parameter indicative of the phase of the inductor
current.

In addition, changing the duty factor, which represents a
controllable ratio of the on-duration of the drive switch to
one switching cycle, makes it possible to adjust the inductor
current flowing through the inductor.

The 1nventors have focused on these relationships and
thereby have found that delaying an off-switching timing of
the drive switch based on the alternating-current voltage
enables distortion 1n the alternating current to be suppressed.

From this viewpoint, the control apparatus according to
the exemplary aspect performs the peak-current mode con-
trol to output the drive signal that controls switching of the
drive switch to thereby cause the inductor current to follow
the sinusoidal command. Then, the control apparatus delays,
for one switching cycle of the drive switch, the ofl-switching
timing of the drive switch in accordance with the alternat-
ing-current voltage; the drive signal defines the off-switch-
ing timing of the switch.

This delaying of the off-switching timing of the drive
switch suppresses distortion in the alternating current. The
control apparatus according to the exemplary aspect there-
fore enables the processing load of the control apparatus to
be lower as compared with a processing load of a conven-
tional control apparatus that calculates a deviation range
parameter, and uses the calculated deviation range parameter
as the current correction for the inductor current.

EMBODIMENT

First Embodiment

The following describes the first embodiment of the
present disclosure with reference to the drawings. A power
converter system 100 according to the first embodiment 1s
configured to convert an alternating-current (AC) voltage
supplied from an AC power source mto a direct-current
(DC) voltage.

Referring to FIG. 1, the power converter system 100
includes an AC-DC converter 10.
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The AC-DC converter 10 includes first and second AC
terminals TA1 and TA2, and first and second DC terminals
TD1 and TD2. The AC-DC converter 10 1s connected to an
AC power source 200 via the first and second AC terminals
TA1 and TA2. The AC-DC converter 10 1s also connected to
at least one unillustrated device via the first and second DC
terminals TD1 and TD2. A commercial power source can be
used as the AC power source 200. The at least one device
includes, for example, a DC power source, such as a battery,
and/or a DC-DC converter.

The AC-DC converter 10 includes a full-bridge circuit 12,
a half-bridge circuit 15, an inductor, 1.e. a reactor, 13, a
capacitor 16, and first to sixth wirings LP1 to LP6. Each of
the first to sixth wirings LP1 to LP6 has opposing first and
second ends.

The full-bridge circuit 12 includes first to fourth diodes
D1 to D4. The anode of the first diode D1 1s connected to the
cathode of the second diode D2, and the anode of the third
diode D3 1s connected to the cathode of the fourth diode D4.
The cathode of each of the first and third diodes D1 and D3
1s connected to the first end of the third wiring LP3, and the
anode of each of the second and fourth diodes D2 and D4 1s
connected to the first end of the fourth wiring LP4.

The connection point, which will be referred to as a first
connection point K1, between the anode of the first diode D1
and the cathode of the second diode D2 1s connected to the
first end of the fifth wiring LLP5, and the second end of the
fifth wiring LPS 1s also connected to the first AC terminal
TAL.

The connection point, which will be referred to as a
second connection point K2, between the anode of the third
diode D3 and the cathode of the fourth diode D4 1s con-
nected to the first end of the sixth wiring L.P6, and the second

end of the sixth wiring L.P6 1s also connected to the second
AC terminal TA2.

The half-bridge circuit 15 includes a fifth diode D5 and a
switch SW. The first embodiment uses an N-channel MOS-
FET as the switch SW, which 1s an example of a Voltage-
controlled switch. The anode of the fifth diode D3 1is
connected to the drain of the switch SW. The cathode of the
fifth diode DS 1s connected to the first end of the first wiring
LLP1, and the second end of the first wiring LP1 1s connected
to the first DC terminal TD1. The source of the switch SW
1s connected to the first end of the second wiring L.P2, and
the second end of the second wiring LLP2 1s connected to the
second DC terminal T2. The switch SW includes an intrinsic
diode connected 1n antiparallel thereto.

The connection point, which will be referred to as a third
connection point K3, between the anode of the fifth diode
DS and the drain of the switch SW, 1s connected to the
second end of the third wiring LP3. The inductor 13 1s
mounted on the third wiring LP3. The source of the switch
SW i1s connected to the second end of the fourth wiring L.P4.

The capacitor 16 1s connected between the first and
second wirings LP1 and LP2.

The power converter system 100 also includes a first
voltage sensor 31, a current sensor 32, and a second voltage
sensor 33. The first voltage sensor 31 1s connected between
the first wiring LP1 and the second wiring L.P2, and con-
figured to measure a voltage across the capacitor 16 as a DC
voltage Vdc. The current sensor 32 1s provided on the fourth
wiring LLP4, and configured to measure a current flowing
through the inductor 13 as an inductor current ILr. The
second voltage sensor 33 i1s connected between the fifth
wiring LP5 and the sixth wiring LP6, and configured to
measure a voltage across the AC power source 200 as an AC
voltage Vac.




US 11,183,944 B2

S

The power converter system 100 additionally includes a
control apparatus 30. The control apparatus 30 provides
various functions, each function provided by the control
apparatus 30 can be implemented by, for example, one or
more computers that execute software stored in a non-
transitory storage medium, one or more hardware devices,

and the combinations of the one or more computers and the
one or more hardware devices.

FIG. 2 1s a functional block diagram illustrating the
functions of the control apparatus 30.

The control apparatus 30 1s configured to perform known
peak current mode control that controls on-ofl operations of
the switch SW. For example, the control apparatus 30
tunctionally includes a waveform generator 341, a multiplier
342, an absolute value calculator 343, and a current control
unit 50.

The wavelorm generator 341 generates a reference wave-
form sin ot that represents how the AC voltage Vac is
changed for each half period (1/2); o represents the angular
velocity of the AC voltage Vac.

For example, the wavetform generator 341 detects each
time of zero-crossing of the AC voltage Vac measured by the
second voltage sensor 33 as a zero-crossing point. That 1s,
the wavetorm generator 341 sequentially detects adjacent
zero-crossing points of the AC voltage Vac, and sets an
interval between the adjacent zero-crossing points as the half
period (1/2) of the AC voltage Vac. Then, the waveform
generator 341 calculates the angular velocity o of the AC
voltage Vac 1n accordance with the following equation
“w=2nx(1/T)”, and sets an angular velocity of a sinusoidal
wavelorm having an amplitude of 1 to the calculated angular
velocity m, thus generating the reference waveform sin ot
with the same phase as the phase of the AC voltage Vac.

The multiplier 342 multiplies an amplitude command Ia*
tor the inductor current ILr and the reference wavetorm sin
wt by each other, thus outputting a multiplication result
expressed by “la*xsin wt”. The amplitude command Ia* 1s
a command determining the amplitude of the inductor
current ILr, and can be defined based on, for example, a
voltage command Vdc* for the output DC voltage Vdc.

The absolute value calculator 343 calculates an absolute
value of the multiplication result “Ia*xsin wt” to thereby
calculate a value |Ia*xsin wt| as a command current IL*. The
command current IL*, which 1s expressed by [la*xsin wtl,
corresponds to, for example, a command for the inductor
current ILr in the first embodiment.

The current control unit 50 performs the peak-current
mode control that determines a gate signal GS for the switch
SW for on-off control of the switch SW 1n accordance with
the inductor current ILr measured by the current sensor 32,
and the corrected command current ILa*, and outputs the
gate signal GS to the switch SW, thus controlling on-off
switching operations of the switch SW. For example, the
current control unit 50 performs the peak-current mode
control that determines, based on the inductor current ILr
and the corrected command current ILa*, the gate signal GS.
The current control unit 50 serves as a drive signal output-
ting unit according to the first embodiment.

The current control unit 50 includes a digital-to-analog
(D/A) converter 351, a comparator 352, an adder 353, an RS
tliptlop 357, and a slope compensator 51.

The comparator 352 has a non-inverting input terminal,
an verting input terminal, and an output terminal.

The D/A converter 351 converts the command current
IL*, which has a digital signal format, into the command
current IL*, which has an analog signal format, and inputs
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the command current IL*, which has the analog signal
format, to the non-inverting input terminal of the comparator

332.

The slope compensator 51 generates a slope compensa-
tion signal Slope, and outputs the slope compensation signal
Slope to the adder 353. The slope compensation signal Slope
works to reduce oscillation of the inductor current ILr due to
fluctuations of the inductor current ILr.

The adder 353 adds the slope compensation signal Slope
to the inductor current ILr, that 1s, calculates the sum of the
slope compensation signal Slope and the inductor current

ILr. Then, the adder 353 inputs the sum (Slope+ILr) of the

slope compensation signal Slope and the inductor current
ILr to the non-inverting mput terminal of the comparator
352. The sum (Slope+ILr) of the slope compensation signal
Slope and the inductor current ILr will be referred to as a
slope-corrected inductor current (Slope+ILr).

The thipflop 357 has a reset terminal (R), a set terminal
(S), and an output terminal (Q).

The comparator 352 compares the corrected command
current ILa* mput to the mverting mput terminal with the
slope-corrected inductor current (Slope+ILr) mput to the
non-inverting mput terminal to thereby

1. Output a low-level signal to the reset terminal R of the
tliptlop 357 while the slope-corrected inductor current
(Slope+ILr) 1s lower than the command current IL*

2. Output a high-level signal to the reset terminal R of the
tliptflop 357 while the slope-corrected inductor current
(Slope+ILr) 1s higher than the corrected command current
IL*

Additionally, a predetermined clock 1s mput to the set
terminal S of the flipflop 357.

An 1nterval between adjacent rising timings of the clock
from a low level to a hugh level serves as a switching cycle
Tsw of the switch SW.

The output terminal Q of the tliptlop 357 1s connected to
the gate of the switch SW via a delay unit 40. A signal
outputted from the QQ terminal of the fliptlop 357 to the gate
of the switch SW serves as the gate signal GS.

Next, the following describes how the power converter
system 100 operates.

The current control unit 50 performs the peak-current
mode control that controls the switch SW to output the gate
signal GS with the high level to the gate of the switch SW,
thus closing, 1.e. turning on, the switch SW. This provides a
closed loop including the inductor 13 and the switch SW.

In the closed loop, a current flows through the inductor 13,
enabling magnetic energy to be charged in the inductor 13.

The current control unit 530 performs the peak-current
mode control that controls the switch SW to output the gate
signal GS with the low level to the gate of the switch SW,
thus opening, 1.e. turning ofl, the switch SW. The magnetic
energy charged in the inductor 13 causes a current to tlow
through the fifth diode DS to the first DC terminal TD1.

FIG. 3A 1llustrates how the AC voltage Vac 1s changed
over time, and FI1G. 3B 1llustrates how the command current
IL* 1s changed over time. FIG. 3C illustrates how an average
lave of the iductor current ILr 1s changed over time, and
FIG. 3D illustrates how a delay quantity Td is changed over
time. Note that, in each of FIGS. 3A to 3D, the power factor
1s set to 1.

FIG. 4A illustrates how the inductor current ILr 1s
changed for one switching cycle Tsw, FIG. 4B illustrates
how an output OU'Ic of the comparator 352 1s changed for
one switching cycle Tsw, and FIG. 4C illustrates how the
gate signal GS 1s changed for one switching cycle Tsw.
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As 1llustrated 1in FIG. 3B, the command current IL* 1s
changed such that a positive half of a sinusoidal wave
appears for each half period of the AC voltage Vac. FIG. 3C
shows that the average lave of the mnductor current ILr with
no distortion therein 1s changed such that a positive half of
a sinusoidal wave appears for each half period of the AC
voltage Vac, which 1s similar to the command current IL*.

Distortion, 1.e. harmonic distortion, may be actually con-
tained 1n the inductor current ILr. This may cause the
wavelorm of the average lave of the inductor current ILr to
be changed from the normal wavetform of the Iave illustrated
in FIG. 3C. A distorted inductor current ILr may cause an
alternating current Iac flowing into the AC-DC converter 10
through the first AC terminal TA1 to have distortion. From
this viewpoint, the control apparatus 30 1s configured to
adjust the inductor current ILr to thereby reduce a degree of
distortion in the alternating current Iac.

Because the command current IL*, which represents a
command for the inductor current ILr, 1s changed 1n syn-
chronization with the AC voltage Vac, the control apparatus
30 can use the AC voltage Vac as a parameter indicative of
the phase of the imnductor current ILr.

Additionally, changing a turn-ofl switching timing of the
switch SW 1n a present switching cycle Tsw enables a duty
tactor, which represents a controllable ratio, 1.e. percentage,
of the on-duration Ton of the switch SW to the present
switching cycle Tsw, to be changed, resulting 1n the inductor
current ILr being changed.

Specifically, as illustrated 1n FIGS. 4A to 4C, when the
slope-corrected inductor current (Slope+ILr) increases up to
the command current IL* based on the peak-current mode
control, the output OUIc of the comparator 352 is turned to
the high level, causing the gate signal GS to fall down. That
1s, the period from the switching of the clock signal iput to
the S terminal of the RS tlipflop 357 to the high level to the
switching of the output OUTc of the comparator 352 to the
high level during each switching cycle Tsw shows the
on-duration Ton of the switch SW through which the induc-
tor current ILr flows.

For this reason, delaying the turn-ofl timing of the switch
SW enables the duty factor of the switch SW to increase,
resulting 1n the inductor current ILr to increase. FIG. 4C
illustrates that delaying the fall time of the gate signal GS to
the low level by a delay quantity Td from time ta to time tb
enables the inductor current ILr to 1ncrease.

From this viewpoint, the control apparatus 30 includes the
delay unit 40 configured to delay the turn-ofl switching
timing of the switch SW 1n accordance with the AC voltage
Vac.

Specifically, if the AC voltage Vac 1s converted into the
DC voltage Vdc with the mductor current ILr containing
distortion, a deviation range parameter indicative of how the
command current IL* 1s deviated from the average lave of
the inductor current ILr takes a largest absolute value each
time the AC voltage Vac reaches a corresponding one of
Zero-crossing points or becomes close to a corresponding
one of zero-crossing points (see times t1, t3, and t5).

In contrast, 1f the AC voltage Vac 1s converted into the DC
voltage Vdc with the inductor current ILr containing distor-
tion, the deviation range parameter takes a smallest value
cach time the AC voltage Vac reaches a corresponding one
of peaks or becomes close to a corresponding one of peaks
(see times 12 and t4).

Based on the above features, the control apparatus 30 1s
configured to control the delay quantity Td for delaying the
tall time of the switch SW such that the delay quantity Td
cyclically changes to

5

10

15

20

25

30

35

40

45

50

55

60

65

8

(1) Take a local maximum value each time the AC voltage
Vac reaches a corresponding one of the zero-crossing points

(see times t1, t3, and t5 1 FIG. 3D)

(2) Take a local minimum value each time the AC voltage
Vac reaches a corresponding one of the peaks (see times 12

and t4 1 FIG. 3D)

This configuration enables the inductor current ILr to
have a larger value each time the AC voltage Vac reaches a
corresponding one of the zero-crossing points, resulting in a

reduction of a degree of distortion 1n the alternating current
lac.

The delay unit 40 according to the first embodiment sets
the delay quantity Td of the gate signal to GS outputted from
the current controller 30 1n accordance with the AC voltage
Vac, the DC voltage Vdc, and a slope ms that represents the
gradient or slope of the slope compensation signal Slope.
Specifically, the delay unit 40 sets the delay quantity Td for
cach period of the AC voltage Vac such that the delay
quantity Td has

1. A negative peak for each of a first period P1 and a
second period P2 of the AC voltage Vac; the first period P1
represents a positive half period of the AC voltage Vac, and
the second period P2 represents a negative half period of the
AC voltage Vac

2. A positive peak between the first and second periods P1
and P2 of the AC voltage Vac

It 1s necessary to set the duty factor of the switch SW to
be lower than a predetermined threshold duty for preventing
subharmonic oscillations of the inductor current ILr. When
a decreasing slope ma of the inductor current ILr, that 1s, a
decreasing speed of the inductor current ILr, becomes
steeper, the amount of decrease 1n the inductor current ILr
becomes greater. For this reason, a steeper decreasing slope
ma of the inductor current ILr for a current switching cycle
Tsw will cause the on duration Ton for the next switching
cycle Tsw to increase, resulting 1n the subharmonic oscilla-
tions of the inductor current ILr being likely to occur.

Note that the decreasing slope ma of the inductor current
ILr has a predetermined correlation with the absolute signal
|Vac| of the AC voltage Vac imputted to the inductor 13, the
DC voltage Vdc outputted from the inductor 13, and an
inductance of the inductor 13:; this correlation can be
expressed by the following equation (A):

ma=(Vdc—|Vac|)/L (A)

where reference character L represents the inductance of
the 1inductor 13.

The smaller the absolute signal [Vac| of the AC voltage
Vac, the larger the absolute value of the decreasing slope ma
of the inductor current ILr, resulting in the subharmonic
oscillations of the inductor current ILr being likely to occur.

For this reason, for preventing the subharmonic oscilla-
tions of the inductor current ILr, the first embodiment makes
longer the on duration Ton of the switch SW {for each
switching cycle Tsw as the absolute signal IVacl of the AC
voltage Vac becomes smaller to thereby alleviate a decrease
in the inductor current ILr, making the subharmonic oscil-
lations of the inductor current ILr more difficult.

Specifically, the delay umt 40 sets the delay quantity Td
to be larger as a root-mean-square (RMS) Vrms of the AC
voltage Vac becomes smaller, and sets the delay quantity Td
to be larger as the DC voltage Vdc becomes larger.

The control apparatus 30 includes a storage, such as a
memory, and has a first delay quantity map stored in the
storage. The first delay quantity map includes information
indicative of a relationship among
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(1) Each of values of the delay quantity Td

(2) A corresponding one of combinations, each of which
1s comprised ol a corresponding value of the AC voltage
Vac, a corresponding value of the DC voltage Vdc, and a
corresponding value of the slope ms

That 1s, the delay unit 40 refers to the first delay quantity
map, and extracts a value of the delay quantity Td from the
first delay quantity map; the extracted value of the delay

quantity Td correlates with a corresponding combination of
a corresponding value of the AC voltage Vac, a correspond-
ing value of the DC voltage Vdc, and a corresponding value
of the slope ms.

Next, the following describes an example of a method of
generating the first delay quantity map indicative of the
correspondence relationship between the delay quantity Td
and the AC voltage Vac in accordance with FIG. 5.

FIG. 5 illustrates a deviation range parameter A1 The
deviation range parameter A1 according to the first embodi-
ment 1s defined as a parameter indicative of how the com-
mand current IL* 1s deviated from the average lave of the
inductor current ILr. For this reason, the deviation range
parameter A1 relative to the average Iave of the inductor
current ILr 1s represented, for each switching cycle Tsw, as
the sum of a maximum inductor-current increment AIL
relative to the average lave of the inductor current ILr, which
1s referred to as (AIL/2), and a maximum slope-signal
increment ASlope (see FIG. 5). The maximum inductor-
current increment AIL represents a maximum increment of
the mductor current ILr for each switching cycle Tsw, and
the slope-signal imncrement ASlope represents a maximum
increment of the slope compensation signal Slope.

This therefore enables the deviation range parameter Ai to
be calculated based on the increasing slope mb of the
inductor current ILr and the slope ms of the slope compen-
sation signal Slope for each switching cycle Tsw 1n accor-
dance with the following equation (1):

(1)

Tsw

&.E:mbexT +ms X DX Tsw

where reference character D represents the duty factor of
the switch SW.

When the AC-DC converter 10 1s configured to convert
the AC voltage Vac into the DC voltage Vdc, the duty factor
D for the switch SW can be expressed by the following
equation (2):

- |Vac| (2)

D=1
Vde

In addition, the increasing slope mb of the inductor
current ILr, 1.e. the positive acceleration of the inductor
current ILr, has a predetermined correlation with the abso-
lute signal |Vacl of the AC voltage Vac; this correlation can
be expressed by the following equation “mb=|Vacl/L”.

Assigning the equation (2) and the correlation “mb=[Vacl/
L’ to the equation (1) enables the following equation (3) to
be derived:

|Vac]
Vdc

|IVac]
Vdce

(3)

. |Vac| (

[ = 57 )-T5w+m5-(l+

)-Tsw
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Increasing the inductor current ILr by the deviation range
parameter A1 enables a degree of distortion 1n the alternating
current Iac to be reduced. In addition, delaying the falling-
down timing, 1.e. fall time, of the gate signal GS enables the
inductor current ILr to increase. For this reason, an increase
in the iductor current ILr based on the deviation range
parameter A1 can be calculated 1n accordance with the
following equation (4):

Ai=(mb+ms)x1d (4)

Assigning the equation (3) to the deviation range param-
cter A1 of the equation (4) and rearranging the equation (4)
to which the equation (3) has been assigned enables the
following equation (5) to be calculated:

|Vac] |Vacl |Vac] (5)
1 — 1 = T
Td_m( Vdc)+ oL ( Va’c) W
B |Vac]
+ ms

That 1s, the first embodiment calculates, in accordance
with the equation (5), a value of the delay quantity Td while
changing a value of the AC voltage Vac, a value of the DC
voltage Vdc, and a value of the slope ms. Then, the first
embodiment maps each of the calculated values of the delay
quantity Td to

(1) A corresponding one of the values of the AC voltage
Vac

(2) A corresponding one of the values of the DC voltage
Vdc

(3) A corresponding one of the values of the slope ms

This enables the first delay quantity map to be generated.

In particular, the first embodiment maps each of the
calculated values of the delay quantity Td to a corresponding
RMS of the AC voltage Vac, but can map each of the
calculated values of the delay quantity Td to a corresponding
amplitude of the AC voltage Vac.

Next, the following describes a switch control routine of
the switch SW on the basis of the peak-current mode control,
which 1s carried out by the control apparatus 30 every
predetermined control period with reference to FIG. 6.

The control apparatus 30 serves as a current obtainer to
obtain a value of the imnductor current ILr measured by the
current sensor 32 1n step S10. Next, the control apparatus 30
serves as an AC voltage obtainer to obtain a value of the AC
voltage Vac measured by the second voltage sensor 33 in
step S11.

Subsequently, the control apparatus 30 multiplies the
amplitude command Ia* by the reference waveform sin wt
of the AC voltage Vac, thus calculating a value of the
pre-correction command current IL* 1n step S12.

The control apparatus 30 calculates the RMS of the AC
power source 200 1n accordance with the AC voltage Vac in
step S13. Next, the control apparatus 30 performs the
peak-current mode control to thereby calculate the gate
signal GS as described betorehand with reference to FIG. 2.

Following the operation 1n step S13, the control apparatus
30 sets, based on the RMS of the AC power source 200
calculated 1n step S13, the DC voltage Vdc, and the slope
ms, a value of the delay quantity Td in step S15.

Specifically, the control apparatus 30 extracts, from the
first delay quantity map, a value of the delay quantity Td,
which correlates with the obtained value of the AC voltage
Vac, a measured value of the DC voltage Vdc, and a setting
value of the slope ms 1n step S15.
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Subsequently, 1n step S16, the control apparatus 30 delays
the fall time of the gate signal GS calculated 1n step S14 by
the value of the delay quantity Td set in step S15, resulting
in the switching timing of the switch SW from the on state
to the ofl state being delayed by the delay quantity Td. This
enables the inductor current ILr to flow through the inductor
13 while distortion contained 1n the alternating current Iac 1s
suppressed.

After the operation 1n step S16, the control apparatus 30
terminates a present cycle of the switch control routine.

The following describes how the control apparatus 30
works, and also describes technical benefits achieved by the
control apparatus 30 with reference to FIGS. 7A to 7E and
FIGS. 8A1 to 8C2.

FIG. 7A schematically 1llustrates how the AC voltage Vac
and the DC voltage Vdc are changed over time, and FIG. 7B
schematically illustrates how the gate signal GS 1s changed
over time. FIG. 7C schematically illustrates how the delay
quantity Td 1s changed over time, FIG. 7D schematically
illustrates how the inductor current ILr 1s changed over time,
and FIG. 7E schematically illustrates how the alternating
current Iac 1s changed over time.

The first embodiment changes the delay quantity Td in
synchronization with change of the AC voltage Vac. Spe-
cifically, the first embodiment changes the delay quantity Td
such that the delay quantity Td takes

(1) A local maximum value each time the AC voltage Vac
reaches a corresponding one of the zero-crossing points (see
times t11, t13, and t15

(2) A local minimum value each time the AC voltage Vac
reaches a corresponding one of the peaks (see times t12 and
t14)

This enables the delay quantity Td to be set to the local
maximum value each time the AC voltage Vac reaches a
corresponding one of the zero-crossing points (t11, t13, t15)
at which the deviation range parameter A1 becomes largest.
This also enables the delay quantity Td to be set to the local
mimmum value each time the AC voltage Vac reaches a
corresponding one of the peaks (t12, t14) at which the
deviation range parameter A1 becomes smallest.

This results 1n the duty factor of the switch SW being
adjusted. This adjustment of the duty factor of the switch
SW enables the average Iave of the inductor current ILr to
have an absolute sinusoidal wave, resulting in the AC
current Iac having a sinusoidal wavetorm with a suppressed
distortion therein.

FIGS. 8A1, 8B1, and 8C1 schematically illustrate how the
delay quantity Td, the inductor current ILr, and the alter-
nating current Iac are respectively changed over time
according to the first embodiment. In contrast, FIG. 8A2
schematically illustrates the delay quantity Td, which 1s set
to a constant value of zero according to a first comparative
example, and FIGS. 8B2 and 8C2 schematically illustrate
how the inductor current ILr and the alternating current Iac
are respectively changed over time according to the first
comparative example.

Note that each of FIGS. 8B and 8E 1illustrates, as a target
average Tave, an average of an 1deal inductor current ILr
with no distortion.

Because the delay quantity Td 1s set to zero in the first
comparative example as illustrated in FIG. 8A2, FIG. 8B2
shows that the inductor current ILr according to the first
comparative example 1s changed while being maintained to
be lower than the target average Tave. This results in the
alternating current Iac being distorted at or around each of
zero-crossing points at which the AC voltage Vac reaches
zero. For example, the total harmonic distortion ratio THD
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of the alternating current Iac according to the first compara-
tive example 1s approximately 31%.
In contrast, because the delay quantity Td 1s changed as

the AC voltage Vac 1s changed 1n the first embodiment as
illustrated 1n FIG. 8A1, FIG. 8B1 shows that the inductor

current ILr according to the first embodiment 1s changed
while following the target average Tave. This results 1n a
reduction of the degree of distortion i1n the alternating
current Iac at or around each of zero-crossing points. For
example, the total harmonic distortion ratio THD of the
alternating current Iac according to the first embodiment 1s
equal to or less than 0.1%.

The first embodiment described above achieves the fol-
lowing technical benefits.

The control apparatus 30 1s configured to perform the
peak-current mode control to thereby output the gate signal
GS that controls on-off switching operations of the switch
SW, thus causing the inductor current ILr to follow the
command current IL*. In the peak-current mode control, the
control apparatus 30 1s specially configured to delay the
ofl-switching timing of the switch SW 1n accordance with

the AC voltage Vac.

This configuration enables changing of the off-switching
timing of the switch SW in accordance with the AC voltage
Vac, to reduce a degree of distortion in the alternating
current Iac. This configuration therefore reduces a process-
ing load of the control apparatus 30 to be lower than a
processing load of the control apparatus 30 whose compara-
tive configuration calculates a value of the deviation range
parameter A1 and uses the calculated value of the deviation
range parameter A1 as the current correction for the mnductor
current ILr.

The mventors have found that, 11 the AC voltage Vac 1s
converted mto the DC voltage Vdc, the deviation range
parameter A1 becomes small each time the AC voltage Vac
reaches a corresponding one of zero-crossing points.

Based on the above finding, the control apparatus 30 1s
configured to control the delay quantity Td such that the
delay quantity Td has

1. A negative peak for each of the positive half period P1
and the negative half period P2 of the AC voltage Vac

2. A positive peak between the positive and negative halt
periods P1 and P2 of the AC voltage Vac

This configuration enables the delay quantity Td to
change while following change of the deviation range
parameter A1, making 1t possible to further suppress distor-
tion in the alternating current Iac.

The control apparatus 30 1s configured to set the delay
quantity Td as a function of the AC voltage Vac and the DC
voltage Vdc. This configuration makes 1t possible to set a
value of the delay quantity Td, which 1s suitable for a value
of the DC voltage Vdc, which vanes depending on a device
connected to the power conversion system 100, thus result-
ing in distortion n the AC current Iac being further sup-
pressed.

Second Embodiment

The following mainly describes a configuration of the
second embodiment, which 1s diflerent from the above
configuration of the first embodiment. The following there-
fore fails to repeat descriptions of parts i the second
embodiment, which are similar to corresponding parts 1n the
first embodiment. To the like parts between the first and
second embodiments, i1dentical or like reference characters
are assigned.
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The circuit structure of the power converter system 100 of
the second embodiment 1s different from the circuit structure
ol the power converter system 100 of the first embodiment.

Specifically, the power converter system 100 of the sec-
ond embodiment includes no hali-bridge circuits.

FIG. 9 schematically illustrates the power converter sys-
tem 100 of the second embodiment.

The power converter system 100 of the second embodi-
ment includes a full-bridge circuit 70. The full-bridge circuit
70 1s connected to the first DC terminal TD1 via the first
wiring L.P1, and the full-bridge circuit 70 1s connected to the
second DC terminal TD2 via the second wiring LP2.

Specifically, the full-bridge circuit 70 includes first and
second diodes D11 and D12, and first and second switches
SW11 and SW12. The second embodiment uses an N-chan-
nel MOSFET as each of the first and second switches SW11
and SW12, which 1s an example of a voltage-controlled
switch.

The anode of the first diode D11 1s connected to the drain
of the first switch SW11. The cathode of the first diode D11

1s connected to the first end of the first wiring LLP1, and the
second end of the first wiring LP1 1s connected to the first
DC terminal TD1. The source of the first switch SW11 1s
connected to the first end of the second wiring LP2, and the
second end of the second wiring LLP2 1s connected to the
second DC terminal T2.

Similarly, the anode of the second diode D12 1s connected
to the drain of the second switch SW12. The cathode of the
second diode D12 1s connected to the first end of the first
wiring LP1. The source of the second switch SW12 1s
connected to the first end of the second wiring LP2.

Each of the first and second switches SW11 and SW12
includes an intrinsic diode connected 1n antiparallel thereto.

The connection point, which will be referred to as a first
connection point K11, between the anode of the first diode
D11 and the drain of the first switch SW11 1s connected to
the first end of the fifth wiring LPS, and the second end of
the fifth wiring LP5 1s connected to the first AC terminal
TA1. Stmilarly, the connection point, which will be referred
to as a second connection point K12, between the anode of
the second diode D12 and the drain of the second switch
SW12 1s connected to the first end of the sixth wiring LP6,
and the second end of the sixth wiring LLP6 1s connected to
the second AC terminal TA2.

The power converter system 100 of the second embodi-
ment also includes first and second current sensors 34 and

35. The first current sensor 34 1s provided on a connection
line between the anode of the first diode D11 and the drain
of the first switch SW11. The first current sensor 34 1is
configured to measure a current flowing through the first
switch SW11 as a first inductor current IL17». The second
current sensor 35 1s provided on a connection line between
the anode of the second diode D12 and the drain of the
second switch SW12. The second current sensor 35 1s
configured to measure a current flowing through the second
switch SW12 as a second 1nductor current 112~

FIG. 10 1s a functional block diagram indicative of
functions of the control apparatus 30 of the second embodi-
ment.

The control apparatus 30 of the second embodiment
tunctionally includes a first current control umt 52, a second
current control unit 53, and a selector 60.

The control apparatus 30 of the second embodiment 1s
configured to perform the peak-current mode control that
controls on-ofl switching operations of each of the first and

second switches SW11 and SW12 to thereby adjust the first
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and second i1nductor currents IL17 and IL27, whose slopes
have been compensated, to follow the command current IL*.

The first current control unit 52 performs the peak-current
mode control to thereby cause the first inductor current 117
whose slope has been compensated to follow the command
current IL*. The second current control unit 53 performs the
peak-current mode control to thereby cause the second
inductor current IL2» whose slope has been compensated to
tollow the command current IL*.

Because the configuration of each of the first and second
current control units 52 and 33 is substantially i1dentical to
that of the current control unit 50, descriptions of which are
therefore omitted.

The selector 60 1s configured to select one of a first gate
signal GS1 and a second gate signal GS2 1n accordance with
the polarity of the AC voltage Vac.

Specifically, the selector 60 includes a polarnity determiner
61, a first AND circuit 62, and a second AND circuit 63.

Each of the first and second AND circuits 62 and 63 has
first and second 1nput terminals, and the polarity determiner
61 has first and second output terminals connected to the first
input terminals of the respective first and second AND
circuits 62 and 63. The second mput terminal of the first
AND circuit 62 1s connected to the output terminal of the
first current control umt 52. The second mput terminal of the
second AND circuit 63 1s connected to the output terminal
of the second current control unit 33.

The polanty determiner 61 1s configured to determine
whether the AC voltage Vac has a positive polarity or a
negative polarity. The polarity determiner 61 1s also config-
ured to

(1) Output a first selection signal AQ1 with a high level
to the first AND circuit 62, and output a second selection
signal AQ2 with a low level to the second AND circuit 63
upon determining that the AC voltage Vac has the positive
polarity

(2) Output the first selection signal AQ1 with the low level
to the first AND circuit 62, and output the second selection
signal AQ2 with the high level to the second AND circuit 63
upon determining that the AC voltage Vac has the negative
polarity

The first AND circuit 62, which 1s connected to the gate
of the first switch SW11, outputs the first gate signal GS1 to
the gate of the first switch SW11 for turning on or turning ol
the first switch SW11, and the second AND circuit 63, which
1s connected to the gate of the second switch SW12, outputs
the second gate signal GS2 to the gate of the second switch
SW12 for turning on or turning off the second switch SW12.

A first delay unit 41 1s connected to the output terminal of
the first AND circuit 62. The first delay unit 41 1s configured
to delay the fall time of the first gate signal GS1 outputted
from the first AND circuit 62. A second delay unit 42 1s
connected to the output terminal of the second AND circuit
63. The second delay unit 42 1s configured to delay the fall
time of the second gate signal GS2 outputted from the
second AND circuit 63.

FIGS. 11A to 11H illustrate timing charts of respective
parameters used by the power conversion system 100.

FIG. 11A schematically illustrates how the AC voltage
Vac and the DC voltage Vdc are changed over time, FIG.
11B schematically 1llustrates how the first selection signal
AQ1 1s changed over time, and FIG. 11C schematically
illustrates how the second selection signal AQ2 1s changed
over time. FIG. 11D schematically illustrates how the first
gate signal GS1 1s changed over time, and FIG. 11E sche-
matically illustrates how the second gate signal GS2 1s
changed over time.
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FIG. 11F schematically illustrates how the delay quantity
Td 1s changed over time, FIG. 11G schematically illustrates
how the mductor current IL 1s changed over time, and FIG.
11H schematically 1llustrates how the alternating current Iac
1s changed over time.

The first selection signal AQ1 with the high level and the
second selection signal AQ2 with the low level are input to
the respective first and second AND circuits 62 and 63
during the positive half period P1 of the AC voltage Vac.
This causes the first current control unit 52 to control the first
switch SW11 i1n accordance with the peak-current mode
control.

During the positive half period P1 of the AC voltage Vac,
the delay quantity Td set by the first delay unit 41 1s changed
to take

(1) A local maximum value each time the AC voltage Vac
reaches a corresponding one of the zero-crossing points (see
times 121 and t23)

(2) A local minimum value each time the AC voltage Vac
reaches a corresponding one of the peaks (see time 122)

This configuration enables the duty factor of the first
switch SW11 to be adjusted while following change of the
deviation range parameter A1, making 1t possible to suppress
distortion in the alternating current Iac.

As described above, the second embodiment achieves the
same technical benefits as those achieved by the first
embodiment.

First Modification of the Second Embodiment

As 1llustrated 1n FIG. 12, the first modification of the
second embodiment includes a full-bridge circuit 71 whose
circuit structure 1s different from the circuit structure of the
tull-bridge circuit according to the second embodiment.

The full-bridge circuit 71 of the first modification of the
second embodiment includes first and second diodes D13
and D14, and first and second switches SW13 and SW14.

The source of the first switch SW13 1s connected to the
cathode of the first diode D13, and the source of the second
switch SW14 1s connected to the cathode of the second diode
D14.

The first modification of the second embodiment includes
first and second current sensors 36 and 37. The first current
sensor 36 1s connected to the drain of the first switch SW13,
and 1s configured to measure a current tlowing through the
first switch SW13 as the first inductor current 1L.1». The
second current sensor 37 1s connected to the drain of the
second switch SW14, and 1s configured to measure a current
flowing through the second switch SW14 as the second
inductor current 1127

Second Modification of the Second Embodiment

As 1llustrated 1n FIG. 13, the second modification of the
second embodiment 1includes a full-bridge circuit 72 whose
circuit structure 1s different from the circuit structure of the
tull-bridge circuit according to the second embodiment.

The tull-bridge circuit 72 of the second modification of
the second embodiment includes first and second diodes

D15 and D16, and first and second switches SW15 and
SW16.

The source of the first switch SW15 1s connected to the
drain of the second switch SW16. The anode of the first
diode D15 1s connected to the cathode of the second diode
D16.

The second modification of the second embodiment
includes first and second current sensors 38 and 39. The first
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current sensor 38 1s connected to the drain of the first switch
SW15, and 1s configured to measure a current flowing

through the first switch SW13 as the first inductor current
IL17. The second current sensor 39 1s connected to the drain
of the second switch SW16, and 1s configured to measure a
current tlowing through the second switch SW16 as the
second i1nductor current I1L2#

Third Embodiment

The following mainly describes a configuration of the
third embodiment, which 1s diflerent from the above con-
figuration of the first embodiment. The following therefore
fails to repeat descriptions of parts 1n the third embodiment,
which are similar to corresponding parts 1n the first embodi-
ment. To the like parts between the first and third embodi-
ments, 1dentical or like reference characters are assigned.

The power converter system 100 1s configured to convert
a DC voltage Vdc mto an AC voltage Vac.

FIG. 14 schematically illustrates the power converter
system 100 of the third embodiment.

The power converter system 100 of the third embodiment

includes a DC-AC converter 80.

The DC-AC converter 80 includes the capacitor 16, a

half-bridge circuit 73, a full-bridge circuit 74, the inductor
13, and the first to sixth wirings L.P1 to LP6. Each of the first
to sixth wirings LP1 to LP6 has opposing first and second
ends.
The half-bridge circuit 73 includes a first switch SW21
and a second switch SW22. Each of the first and second
switches SW21 and SW22 1s comprised of, for example, an
N-channel MOSFET, which 1s an example of a voltage-
controlled switch. The source of the first switch SW21 1s
connected to the drain of the second switch SW22. The drain
of the first switch SW21 1s connected to the first end of the
first wiring LLP1. The source of the second switch SW22 is
connected to the first end of the second wiring LP2. Each of
the first and second switches SW21 and SW22 includes an
intrinsic diode connected in antiparallel thereto. The first
switch SW21 according to the third embodiment serves as a
drive switch.

The connection point, which will be referred to as a first
connection point K21, between the source of the first switch
SW21 and the drain of the second switch SW22, 1s con-
nected to the second end of the third wiring LP3. The
inductor 13 1s mounted on the third wiring LLP3. The source
ol the second switch SW22 1s connected to the second end
of the fourth wiring LP4. The first end of each of the third
and fourth switches SW21 and SW22 1s connected to the
tull-bridge circuit 74.

The full-bridge circuit 74 includes third to sixth switches
SW23 to SW26. Each of the third to sixth switches SW23 to
SW26 1s comprised of, for example, an N-channel MOS-
FET, which i1s an example of a voltage-controlled switch.
The source of the third switch SW23 1s connected to the
drain of the fourth switch SW24. The source of the fifth
switch SW25 1s connected to the drain of the sixth switch
SW26.

The drain of each of the third and fifth switches SW23 and
SW25 1s connected to the first end of the third wiring LP3.
The source of each of the fourth and sixth switches SW24 to
SW26 1s connected to the first end of the fourth wiring LP4.

The connection point, which will be referred to as a
second connection point K22, between the source of the
third switch SW23 and the drain of the fourth switch SW24
1s connected to the first end of the fifth wiring LP5, and the
second end of the fifth wiring LLP5 1s connected to the first
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AC terminal TA1. Similarly, the connection point, which
will be referred to as a third connection point K23, between
the source of the fifth switch SW25 and the drain of the sixth
switch SW26 1s connected to the first end of the sixth wiring
[LP6, and the second end of the sixth wiring LLP6 1s connected
to the second AC terminal TA2.

FIG. 15 1s a functional block diagram illustrating the
functions of the control apparatus 30.

The control apparatus 30 1s configured to perform the
peak-current mode control to thereby control on-ofl switch-
ing operations of each of the first and second switches SW21
and SW22.

The control apparatus 30 functionally includes a current
control unit 150 and a selector 160.

The current control umit 150 1s connected to the gate of the
first switch SW11, and determines a first gate signal GS11
for the first switch SW11 for on-ofl control of the first switch
SW11 1n accordance with the inductor current ILr and the
command current IL*, and outputs the first gate signal GS11
to the gate of the first switch SW11.

The selector 160 1includes a polarity determiner 161, a first
inverter gate 162, and a second inverter gate 163.

The current control unit 150 1s connected to the gate of the
second switch SW22 wvia the first inverter 162, and 1s
configured to output a second gate signal G512 via the first
inverter 162.

The polarity determiner 161 1s configured to determine
whether the AC voltage Vac has a positive polarity or a
negative polarity. The polarity determiner 161 1s also con-
figured to

(1) Output an output signal with a low level upon deter-
mimng that the AC voltage Vac has the positive polarity

(2) Output the output signal with a high level upon
determining that the AC voltage Vac has the negative
polarity

The polanty determiner 161 is connected to the gate of
each of the third and sixth switches SW23 and SW26, so that
the polarity determiner 161 outputs the output signal to the
third switch SW23 as a third gate signal GS13 and to the
sixth switch SW26 as a sixth gate signal GS16.

The polarity determiner 161 1s also connected via the
second 1nverter gate 163 to the gate of each of the fourth and
fifth switches SW24 and SW235, so that the polanty deter-
miner 161 outputs, via the second inverter gate 163, the
output signal to the fourth switch SW24 as a fourth gate
signal GS14 and to the fifth switch SW25 as a fifth gate
signal GS15. Each of the fourth and fifth gate signals GS14
and 15 has one of the high level and the low level, which 1s
the mverse of the level of each of the third and sixth gate
signals GS13 and GS16.

A delay umt 43 1s connected between the output terminal
of the current control unit 150 and the gate of each of the first
and second switches SW11 and SW12. The delay unit 43 1s
configured to delay the fall time of each of the first and
second gate signals GS11 and GS12. Specifically, the output
terminal of the delay unit 43 1s connected to the gate of the
first switch SW21 and the first inverter 162, and the output
terminal of the first inverter 162 1s connected to the gate of
the second switch SW22.

FIGS. 16 A and 16B are used to show how the delay
quantity 150 set by the delay umt 150 of the third embodi-
ment 1s changed over time.

The mventors have found that, 1f the DC voltage Vdc 1s
converted 1nto the AC voltage Vac by the DC-AC converter
80, the deviation range parameter A1 indicative of how the
command current IL* 1s deviated from the average lave of
the inductor current ILr takes a smallest value each time the
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AC voltage Vac reaches a corresponding one of zero-
crossing points (see times t31, t33, and t35). In contrast, the
inventors have found that, if the DC voltage Vdc 1s con-
verted into the AC voltage Vac by the DC-AC converter 80,
the deviation range parameter A1 takes a largest value each
time the AC voltage Vac 1s located equal to or close to a
corresponding one of peaks (see times t32 and t34).

Based on the above finding, as 1llustrated in FIG. 16B. the
third embodiment 1s configured to control the delay unit Td
such that the delay unit Td changes to

(1) Take a local minimum value each time the AC voltage
Vac reaches a corresponding one of the zero-crossing points
(see the times t31, 133, and t35)

(2) Take a local maximum value each time the AC voltage

Vac reaches a corresponding one of the peaks (see the times

t32 and t34)

In particular, the delay unit 43 of the third embodiment
sets the delay umt Td for each period of the AC voltage Vac
such that the delay unit Td has

1. The local maximum value for each of the positive halt

period P1 and the negative half period P2 of the AC voltage

Vac

2. The local mmimum value between the positive and
negative half periods P1 and P2 of the AC voltage Vac

The control apparatus 30 of the third embodiment has a
second delay quantity map stored in the storage; the second
delay quantity map includes information indicative of a
relationship among

(1) Each of values of the delay quantity Td

(2) A corresponding value of the AC voltage Vac

(3) A corresponding value of the slope ms

That 1s, the delay unit 43 refers to the second delay-
quantity map, and extracts a value of the delay quantity Td
from the second delay quantity map; the extracted value of
the delay quantity Td correlates with a corresponding value
of the AC voltage Vac and a corresponding value of the slope
ms.

Next, the following describes an example of a method of
generating the second delay quantity map according to the
third embodiment.

When the DC-AC converter 80 1s configured to convert
the DC voltage Vdc mto the AC voltage Vac, the duty factor
D for the switch SW can be expressed by the following
equation (6):

|Vac]

(0)
b= Vdc

In addition, the increasing slope mb of the inductor
current ILr has a predetermined correlation with the DC
voltage Vdc and the absolute signal [Vac| of the AC voltage
Vac; this correlation can be expressed by the following
equation “mb=(Vdc-IVacl)/L”

Assigning the equation (6) and the correlation “mb=
(Vdc-IVacl)/L” to the equation (1) enables the following
equation (7) to be derived:

|Vac|
Vde

(7)

 Vdc—|Vac| ;|Vac]
Ai = (

oL vac)'ﬁwms'(

)- Tsw

An increase in the inductor current ILr based on the
deviation range parameter A1 can be calculated 1n accor-
dance with the above equation (4).
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Assigning the equation (7) to the deviation range param-
cter A1 of the equation (4) and rearranging the equation (4)
to which the equation (7) has been assigned enables the
following equation (8) to be calculated:

Vde — |Vac| |Vac|

2L Vde
Vdce — |Vac|

L

(8)

- Tsw + Tsw

+ ms

That 1s, the third embodiment calculates, 1n accordance
with the equation (8), a value of the delay quantity Td while
changing a value of the AC voltage Vac, a value of the DC
voltage Vdc, and a value of the slope ms. Then, the third
embodiment maps each of the calculated values of the delay
quantity Td to

(1) A corresponding one of the values of the AC voltage
Vac

(2) A corresponding one of the values of the DC voltage
Vdc

(3) A corresponding one of the values of the slope ms

This enables the second delay quantity map to be gener-
ated.

In particular, like the first embodiment, the third embodi-
ment maps each of the calculated values of the delay
quantity Td to a corresponding RMS of the AC voltage Vac,
but can map each of the calculated values of the delay
quantity Td to a corresponding amplitude of the AC voltage
Vac.

Next, the following describes how the power conversion
system 100 works.

FIGS. 17A to 17E illustrate timing charts of respective
parameters used by the power conversion system 100 of the
third embodiment.

FIG. 17A schematically illustrates how the AC voltage
Vac and the DC voltage Vdc are changed over time, and FIG.
178 schematically illustrates how the first gate signal G511
1s changed over time. Note that the second gate signal GS12
1s changed such that the level of the second gate signal GS12
1s opposite to the high or low level of the first gate signal
GS11.

FIG. 17C schematically illustrates how the delay quantity
Td 1s changed over time, and FIG. 17D schematically
illustrates how the inductor current ILr 1s changed over time,
and FI1G. 17FE schematically illustrates how the alternating
current Iac 1s changed over time.

The fourth and fifth gate signals GS14 and GS15 are 1n the
high level while the AC voltage Vac has the positive polarity
within the positive half period P1, causing the fourth and
fifth switches SW24 and SW25 to be 1n the on state, 1.e. the
closed state.

The third and sixth gate signals GS13 and GS16 are 1n the
low level while the AC voltage Vac has the positive polarity
within the positive half period P1, causing the third and sixth
switches SW23 and SW26 to be 1n the off state, 1.e. the open
state.

For this reason, the peak-current mode control performed
by the current control unit 150 within the positive half period
P1 causes the first gate signal GS11 to be 1n the low level
while the second gate signal GS12 1s at the high level,
resulting 1n a closed loop, which includes the fourth and fifth
switches SW24 and SW25, the inductor 13, and the second
switch SW22, being generated.

The fourth and fifth gate signals GS14 and GS15 are 1n the

low level while the AC voltage Vac has the negative polarity
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within the negative half period P2, causing the fourth and
fifth switches SW24 and SW25 to be 1n the ofl state, 1.e. the

open state.

The third and sixth gate signals GS13 and GS16 are in the
high level while the AC voltage Vac has the negative polarity
within the negative hall period P2, causing the third and
sixth switches SW23 and SW26 to be 1n the on state, 1.e. the
closed state.

For this reason, the current control unit 150 causes the
first gate signal GS11 to be at the low level while the second
gate signal GS12 1s at the high level within the negative half
period P2, resulting in a closed loop, which includes the
third and fifth switches SW23 and SW26, the inductor 13,
and the second switch SW22, being generated.

In particular, the delay unit 43 changes the delay quantity
Td such that the delay quantity Td takes

(1) A local mimimum value each time the AC voltage Vac
reaches a corresponding one of the zero-crossing points (see
times t41, t43, and t45)

(2) A local maximum value each time the AC voltage Vac
reaches a corresponding one of the peaks (see times t42 and
t44)

This configuration enables the delay quantity Td to be set
to the local maximum value each time the AC voltage Vac
reaches a corresponding one of the zero-crossing points t
which the deviation range parameter A1 becomes largest.
This also enables the delay quantity Td to be set to the local
minimum value each time the AC voltage Vac reaches a
corresponding one of the peaks at which the deviation range
parameter A1 becomes smallest.

This results 1 the duty factor of each of the first and
second switches SW21 and SW22 being adjusted. This
adjustment of the duty factor of each of the first and second
switches SW21 and SW22 results in the AC current Iac with
a suppressed distortion therein.

FIGS. 18A1, 18B1, and 18C1 schematically illustrate
how the delay quantity Td, the inductor current ILr, and the
alternating current lac are respectively changed over time
according to the third embodiment. In contrast, F1G. 18A2
schematically illustrates the delay quantity Td, which 1s set
to a constant value of zero according to a second compara-
tive example, and FIGS. 18B2 and 18C2 schematically
illustrate how the inductor current ILr and the alternating
current Iac are respectively changed over time according to
the second comparative example.

Because the delay quantity Td 1s set to zero in the second
comparative example as 1llustrated 1in FIG. 18A2, the induc-
tor current ILr according to the second comparative example
1s changed while being maintained to be lower than the
target average Tave. This results in the alternating current
Iac being distorted as 1llustrated 1n FIG. 18C. For example,
the total harmomnic distortion ratio THD of the alternating
current Iac according to the second comparative example 1s
approximately 7%.

In contrast, because the delay quantity Td 1s changed as
the AC voltage Vac 1s changed in the third embodiment as
illustrated 1n FIG. 18 A1, the inductor current ILr according
to the third embodiment 1s changed while following the
target average Tave. This results 1n a reduction of the degree
of distortion in the alternating current Iac. For example, the
total harmonic distortion ratio THD of the alternating cur-
rent Iac according to the third embodiment 1s equal to or less
than 1.7%.

As described above, the control apparatus 30 of the third
embodiment 1s applied to the power conversion system 100
for converting the DC voltage Vdc into the AC voltage Vac.
During power conversion of the DC voltage Vdc into the AC
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voltage Vac, the value of the deviation range parameter Ai
becomes small each time the AC voltage Vac reaches a
corresponding one of zero-crossing points or therearound,
and the value of the deviation range parameter A1 becomes
large each time the AC voltage Vac reaches a corresponding
one of peaks or therearound.

From this viewpoint, the control apparatus 30 changes the
delay quantity Td such that the delay quantity Td takes

(1) A local maximum value for each of the positive and
negative halfl periods of the AC voltage Vac

(2) A local mmmimum value for each interval between a
corresponding positive peak of the AC voltage Vac for a
corresponding positive half period P1 and a corresponding
negative peak of the AC voltage Vac for a corresponding
negative half period P2

This configuration achieves the same technical benefits as
those achieved by the first embodiment 1n a case where the
power conversion system 100 1s configured to convert the
DC voltage Vdc into the AC voltage Vac.

Fourth Embodiment

The following mainly describes a configuration of the
fourth embodiment, which 1s different from the above con-
figuration of the third embodiment. The following therefore
fails to repeat descriptions of parts in the fourth embodi-
ment, which are similar to corresponding parts 1n the third
embodiment. To the like parts between the third and fourth
embodiments, 1dentical or like reference characters are
assigned.

The circuit structure of the power converter system 100 of
the fourth embodiment 1s diflerent from the circuit structure
of the power converter system 100 of the third embodiment.
Specifically, the power converter system 100 of the fourth
embodiment includes no half-bridge circuits.

FIG. 19 schematically illustrates the power converter
system 100 of the fourth embodiment.

The power converter system 100 of the fourth embodi-
ment includes a full-bridge circuit 75. The full-bridge circuit
75 1s connected to the first DC terminal TD1 via the first
wiring LLP1, and the full-bridge circuit 70 1s connected to the
second DC terminal TD2 via the second wiring LP2.

Specifically, the full-bridge circuit 75 includes first to
fourth switches SW31 to SW34. The fourth embodiment
uses an N-channel MOSFET as each of the first to fourth
switches SW31 and SW34, which 1s an example of a
voltage-controlled switch. Because the first to fourth
switches SW31 to SW34 correspond to the respective first to
fourth switches SW23 to SW26 according to the third
embodiment, the descriptions of these switches SW31 to
SW34 are omitted.

The power converter system 100 of the fourth embodi-
ment also includes first and second current sensors 131 and
132.

The first current sensor 131 1s connected to the drain of
the first switch SW31, and 1s configured to measure a current
flowing through the first switch SW31 as a first inductor
current IL17. The second current sensor 132 1s connected to
the drain of the thurd switch SW33, and 1s configured to
measure a current flowing through the third switch SW33 as
a second inductor current IL27

FIG. 20 1s a functional block diagram indicative of
functions of the control apparatus 30 of the fourth embodi-
ment.

The control apparatus 30 of the fourth embodiment 1s
configured to perform the peak-current mode control that
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controls on-off switching operations of each of the first to
fourth switches SW31 to SW34.

The control apparatus 30 of the fourth embodiment func-
tionally includes a first current control unit 155, a second
current control unit 156, and a selector 164.

The first current control umt 1355 performs the peak-
current mode control to thereby cause the first inductor
current IL1» whose slope has been compensated to follow
the command current IL*. The second current control unit
156 performs the peak-current mode control to thereby
cause the second inductor current IL2» whose slope has been
compensated to follow the command current IL*.

Each of the first and second current control units 155 and
156 serves as a drive signal outputting unit. Because the
configuration of each of the first and second current control
units 155 and 156 1s substantially identical to that of the
current control unit 50, descriptions of which are therefore
omitted.

The selector 164 1includes a polarnity determiner 165, a first
AND circuit 167, a second AND circuit 168, and first to third
inverter gates 166, 169, and 170.

Each of the first and second AND circuits 167 and 168 has
first and second 1nput terminals, the polarity determiner 165
has an output terminal, and each of the first to third inverter
gates 166, 169, and 170 has opposing input and output
terminals. The output terminal of the polarity determiner 165
1s connected to the first mput terminal of the first AND
circuit 167, and to the input terminal of the first inverter gate
166. The output terminal of the first inverter gate 166 1s
connected to the first input terminal of the second AND
circuit 168. The second imput terminal of the first AND
circuit 167 1s connected to the output terminal of the first
current control unit 155. The second input terminal of the

second AND circuit 168 1s connected to the output terminal
of the second current control unit 156.

The first AND circuit 167 1s connected to the gate of the
second switch SW32, and is also connected to the gate of the
first switch SW31 via the second inverter gate 169. The first
AND circuit 167 1s configured to output the second gate
signal S22 to the gate of the second switch SW22, and
output the first gate signal GS21 via the second 1nverter gate
169; the first gate signal GS21 1s configured as the inverse
of the second gate signal GS22.

The second AND circuit 168 1s connected to the gate of
the fourth switch SW34, and 1s also connected to the gate of
the third switch SW33 via the third inverter gate 170. The
second AND circuit 168 1s configured to output the fourth
gate signal GS24 to the gate of the fourth switch SW23, and
output the third gate signal G523 via the third inverter gate
170; the third gate signal G523 15 configured as the inverse
of the fourth gate signal G524.

A first delay unit 44 1s connected between the second
inverter gate 169 and the gate of the first switch SW31. The
first delay unit 44 1s configured to delay the fall time of the
first gate signal GS21 to the low level.

A second delay unit 45 1s connected between the output
terminal of the first AND circuit 167 and the gate of the
second switch SW32. The second delay unit 45 1s configured
to delay the fall time of the second gate signal GS22.

A third delay unit 46 1s connected between the output
terminal of the third inverter gate 170 and the gate of the
third switch SW33. The third delay unit 46 1s configured to
delay the fall time of the third gate signal GS23.

A Tourth delay unit 47 1s connected between the output
terminal of the second AND circuit 168 and the gate of the
fourth switch SW34. The fourth delay unit 47 1s configured
to delay the fall time of the fourth gate signal GS524.
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[ike the third embodiment, each of the first to fourth
delay units 44 to 47 1s configured to set a value of the delay
quantity Td as a function of a corresponding value of the
RMS VI s of the AC voltage Vac, a corresponding value
of the DC voltage Vdc, and a corresponding value of the
slope ms.

FIGS. 21A to 21FE illustrate timing charts of respective
parameters used by the power conversion system 100 of the
fourth embodiment.

FIG. 21A schematically illustrates how the AC voltage
Vac and the DC voltage Vdc are changed over time, and FIG.
21B schematically 1llustrates how the first gate signal GS21
1s changed over time.

FIG. 21C schematically illustrates how the third gate
signal GS23 1s changed over time, and FIG. 21D schemati-
cally 1llustrates how the fourth gate signal G524 1s changed
over time.

Note that the wavetorm of the second gate signal GS22 1s

identical to the imnverse of the waveform of the fourth gate
signal GS24.

FIG. 21E schematically illustrates how the delay quantity
Td 1s changed over time, and FIG. 21F schematically
illustrates how the inductor current ILr 1s changed over time,
and FIG. 21G schematically illustrates how the alternating
current Iac 1s changed over time.

The control apparatus 30 causes the fourth gate signal
(GS24 to be 1in the high level and the second gate signal GS22
to be 1n the low level while the AC voltage Vac has the
positive polarity within the positive half period P1.

The peak-current mode control carried out by the first
current control unit 155 within the positive half period P1
causes the first gate signal GS21 to be outputted; the first
gate signal GS21 1s to cause the first inductor current IL1#
whose slope has been compensated to follow the command
current IL*.

In particular, each of the first and second delay units 44
and 45 changes the delay quantity Td such that the delay
quantity Td takes

(1) A local minimum value each time the AC voltage Vac
reaches a corresponding one of the zero-crossing points (see
times t51, t53)

(2) A local maximum value each time the AC voltage Vac
reaches a corresponding one of the peaks (see time 152)

This configuration enables the duty factor of the first
switch SW31 to be adjusted. This adjustment of the duty
tactor of the first switch SW31 results 1n the AC current Iac
with a suppressed distortion therein for the positive half
period P1.

The control apparatus 30 causes the fourth gate signal
(GS24 to be 1n the low level and the second gate signal GS22
to be 1n the high level while the AC voltage Vac has the
negative polarity within the negative half period P2.

The peak-current mode control carried out by the second
current control unit 156 within the negative half period P2
causes the third gate signal GS23 to be outputted; the third
gate signal GS23 1s to cause the second inductor current 1L2#
whose slope has been compensated to follow the command
current IL*.

In particular, each of the third and fourth delay units 46
and 47 changes the delay quantity Td such that the delay
quantity Td takes

(1) A local minimum value each time the AC voltage Vac
reaches a corresponding one of the zero-crossing points (see
time t55)

(2) A local maximum value each time the AC voltage Vac
reaches a corresponding one of the peaks (see time t54)
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This configuration enables the duty factor of the third
switch SW33 to be adjusted. This adjustment of the duty

tactor of the third switch SW33 results in the AC current lac
with a suppressed distortion therein for the negative half
period P2.

The fourth embodiment therefore achieves the same tech-
nical benefits as those achieved by the third embodiment.

Modifications

Each of the delay units described above can be designed
as a delay unit 140, which 1s comprised of a monostable
multivibrator illustrated in FIG. 22.

The delay unit 140 1s configured to output, as a delayed
gate signal GSd, a pulse signal to the gate of a corresponding
switch SW; the pulse signal 1s turned to the high level 1n
synchronization with the rising timing of the gate signal GS
outputted 1n the control unit 30. The delay unit 140 1s
configured to set a high duration (an on duration) of the
delayed pulse signal GSd to the sum of the on duration Ton
of the gate signal GS and the delay quantity Td, thus
enabling the corresponding switch SW to be 1n on state for
the high duration of the delayed pulse signal GSd.

The delay quantity Td 1s not limited to a value calculated
in accordance with the above equation (5) when the power
conversion system 100 converts the AC voltage Vac into the
DC voltage Vdc. The delay quantity Td can be determined
to any value as long as the delay quantity Td takes

1. A local mmimum value for each of the positive halt
period P1 and the negative half period P2 of the AC voltage
Vac

2. A local maximum value between the positive and
negative haltl periods P1 and P2 of the AC voltage Vac

The delay quantity Td 1s not limited to a value calculated
in accordance with the above equation (8) when the power
conversion system 100 converts the DC voltage Vdc into the
AC voltage Vac. The delay quantity Td can be determined to
any value as long as the delay quantity Td takes

1. A local maximum value for each of the positive half
period P1 and the negative half period P2 of the AC voltage
Vac

2. A local minimum value between the positive and
negative half periods P1 and P2 of the AC voltage Vac

The control apparatus according to each embodiment 1s
configured to generate the reference wavelorm sin wt assum-
ing that the power factor between the AC voltage Vac and the
alternating current Iac 1s set to 100%, but the present
disclosure can be applied to a case where the power factor
between the AC voltage Vac and the alternating current Iac
1s set to a predetermined percent other than 100%.

The control apparatus according to this modification can
be configured to generate a reference wavelorm sin (wt+a);
the angle o 1s defined based on the power factor such that the
reference wavelform sin (wt+c) has a deviation in phase
relative to the AC voltage Vac. Then, the control apparatus
according to this modification can be configured to calculate
the pre-correction command current IL* 1n accordance with
the reference waveform sin (wt+a). That 1s, the control
apparatus according to this modification can be configured
to calculate the deviation range parameter A1 indicative of
how the pre-correction command current IL* based on the
reference wavetorm sin (wt+q.) 1s deviated from the average
Iave of the inductor current ILr, and set the slope ms based
on the deviation range parameter Ai.

Each control apparatus 30 1s configured to add the slope
compensation signal Slope to the inductor current ILr to
thereby generate the slope-corrected inductor current, but
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can be configured to subtract the slope compensation signal
Slope from the inductor current ILr to thereby generate a
modified slope-corrected inductor current.

That 1s, the control apparatus 30 according to this modi-
fication can be configured to control the duty factor of the
switch SW to thereby cause the inductor current ILr to
follow the modified slope-corrected inductor current. The
control apparatus 30 according to this modification can be
configured to calculate the delay unit Td in accordance with
the equation (5) or equation (8) in which the slope ms has
been replaced with an absolute value Imsl| of the slope.

The power conversion system 100 can be configured to
perform both first power conversion from AC power into DC
power, and second power conversion of DC power mto AC
power.

The control apparatuses and described in the present
disclosure can be mmplemented by a dedicated computer
including a memory and a processor programmed to perform
one or more functions embodied by one or more computer
programs.

The control apparatuses and methods described in the
present disclosure can also be implemented by a dedicated
computer including a processor comprised of one or more
dedicated hardware logic circuits.

The control apparatuses and methods described in the
present disclosure can further be implemented by a proces-
sor system comprised of a memory, a processor programmed
to perform one or more functions embodied by one or more
computer programs, and one or more hardware logic cir-
cuits.

The one or more programs can be stored in a non-
transitory storage medium as instructions to be carried out
by a computer or a processor.

While the 1llustrative embodiments of the present disclo-
sure have been described herein, the present disclosure 1s not
limited to the embodiments described herein, but includes
any and all embodiments having modifications, omissions,
combinations (e.g., of aspects across various embodiments),
adaptations and/or alternations as would be appreciated by
those having ordinary skill 1n the art based on the present
disclosure. The limitations 1n the claims are to be interpreted
broadly based on the language employed 1n the claims and
not limited to examples described in the present specifica-
tion or during the prosecution of the application, which
examples are to be construed as non-exclusive.

What 1s claimed 1s:

1. A control apparatus applicable to a power converter that
includes an inductor and a drive switch, and that converts
one of an alternating-current voltage and a direct-current
voltage input thereto into the other of the alternating-current
voltage and the direct-current voltage, the control apparatus
comprising;

a current obtainer configured to obtain a current flowing

through the inductor as an inductor current;

an alternating-current voltage obtainer configured to

obtain the alternating-current voltage;

a drive signal outputting unit configured to:

generate, based on the alternating-current voltage
obtained by the voltage obtainer, a sinusoidal com-
mand; and

perform peak-current mode control to output a drive
signal that controls switching of the drive switch to
thereby cause the inductor current to follow the
sinusoidal command; and

a delay unit configured to delay, for one switching cycle

of the drive switch, an off-switching timing of the drive
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switch 1n accordance with the alternating-current volt-
age, the drive signal defining the ofl-switching timing
of the switch.
2. The control apparatus according to claim 1, wherein:
the power converter 1s configured to convert the alternat-
ing-current voltage into the direct-current voltage; and
the delay unit 1s configured to set a delay quantity of the
off-switching timing of the drive switch such that the

delay quantity takes:

a local minimum value for each of a positive half period
and a negative half period of the alternating-current
voltage; and

a local maximum value between the positive and negative
half periods of the alternating-current voltage.

3. The control apparatus according to claim 1, wherein:

the power converter 1s configured to convert the direct-
current voltage into the alternating-current voltage; and

the delay unit 1s configured to set a delay quantity of the
off-switching timing of the drive switch such that the
delay quantity takes:

a local maximum value for each of a positive half period
and a negative hall period of the alternating-current
voltage; and

a local minimum value between the positive and negative
half periods of the alternating-current voltage.

4. The control apparatus according to claim 1, wherein:

the delay unit 1s configured to set the delay quantity in
accordance with the alternating-current voltage and the
direct-current voltage.

5. The control apparatus according to claim 2, wherein:

the delay unit 1s configured to calculate the delay quantity
in accordance with the following equation (A):

|Vac] |Vacl |Vac] (A)
m,s*-( — )+ ( — )-Tsw
_ Vdc 2L Vdc
Td =
|Vac|
+ ms
where:

Td represents the delay quantity;

|Vac| represents an absolute value of the alternating-
current voltage;

Vdc represents the direct-current voltage;

Tsw represents the one switching cycle of the drive
switch; and

L represents an inductance of the inductor.

6. The control apparatus according to claim 3, wherein:

the delay unit 1s configured to calculate the delay quantity
in accordance with the following equation (B):

|Vac|
Vdc

Vde — |Vac| |Vac|

2L Vde
Vdc — |Vac|

L

(B)

- fsw + Tsw

ms -
1d =

+ ms

where:

Td represents the delay quantity;

|Vac| represents an absolute value of the alternating-
current voltage;

Vdc represents the direct-current voltage;

Tsw represents the one switching cycle of the drive
switch; and

L represents an inductance of the inductor.
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